The molecular mechanisms underlying the behavioral effects of glucocorticoids are poorly understood. We report here that hippocampal neuronal nitric oxide synthase (nNOS) is a crucial mediator. Chronic mild stress and glucocorticoids exposures caused hippocampal nNOS overexpression via activating mineralocorticoid receptor. In turn, hippocampal nNOS-derived nitric oxide (NO) significantly downregulated local glucocorticoid receptor expression through both soluble guanylate cyclase (sGC)/cGMP and peroxynitrite (ONOO Ϫ )/extracellular signal-regulated kinase signal pathways, and therefore elevated hypothalamic corticotrophin-releasing factor, a peptide that governs the hypothalamic-pituitary-adrenal axis. More importantly, nNOS deletion or intrahippocampal nNOS inhibition and NO-cGMP signaling blockade (using NO scavenger or sGC inhibitor) prevented the corticosterone-induced behavioral modifications, suggesting that hippocampal nNOS is necessary for the role of glucocorticoids in mediating depressive behaviors. In addition, directly delivering ONOO Ϫ donor into hippocampus caused depressive-like behaviors. Our findings reveal a role of hippocampal nNOS in regulating the behavioral effects of glucocorticoids.
Introduction
Major depressive disorder (MDD) is a severe, life-threatening, and highly prevalent psychiatric disorder (Bartolomucci and Leopardi, 2009 ). Stressful life events have a substantial causal association with depression and stress paradigms have long been used to model the disease (Martinowich et al., 2007; Bartolomucci and Leopardi, 2009) . Glucocorticoids secreted by the adrenal gland, via activating glucocorticoids receptors, well characterized ligand-activated transcription factors (Krishnan and Nestler, 2008) , play an important role in mediating the behavioral consequences of stress (Revest et al., 2005) . The release of glucocorticoids is controlled by the hypothalamic-pituitary-adrenal (HPA) axis. Feedback regulation of the HPA axis by glucocorticoids is mediated through activation of two distinct intracellular receptor subtypes referred to as mineralocorticoid receptor (MR), a high affinity receptor, and glucocorticoid receptor (GR), a lower affinity receptor for endogenous corticosteroids. The GR is believed to be more important in the regulation of the response to stress when endogenous levels of glucocorticoids are high. This has led to a prevailing view that impaired hippocampal GR function is correlated with the hyperactivity of the HPA axis, and could be an etiologic factor in depression (Boyle et al., 2005) . Although copious information is available on the implication of hippocampal GR in the stress-related behavioral effects of glucocorticoids (de Kloet et al., 2005; Revest et al., 2005; Berton and Nestler, 2006; Krishnan and Nestler, 2008) , the underlying molecular mechanisms are unknown.
Neuronal nitric oxide synthase (nNOS)-derived nitric oxide (NO), a free radical with many physiological and pathological functions, including neurogenesis, hippocampal long-term potentiation, synaptogenesis, neurodegeneration, neuronal survival, and differentiation (Cho et al., 2009; Zhou and Zhu, 2009) , may be an important mediator between glucocorticoids and hippocampal GR. nNOS is enriched throughout the limbic system (Bredt et al., 1991) , an area important in emotional behaviors. A number of studies have shown that nNOS has significant implications for the psychiatric disorders characterized by depression (Zhou and Zhu, 2009) , anxiety (Zhang et al., 2010) , schizophrenia (Shinkai et al., 2002; Reif et al., 2006; O'Donovan et al., 2008) , and aggressiveness (Nelson et al., 1995; Chiavegatto et al., 2001) . Here, we report that nNOS-mediated GR downregulation in the adult hippocampus underlies the stress-related behavioral effects of glucocorticoids.
Materials and Methods
Animals. Young adult (6-to 7-week-old) male homozygous nNOSdeficient mice (B6;129S4-Nos1 tm1Plh , KO, stock number: 002633) and their wild-type controls of similar genetic background (B6129SF2, WT) (both from Jackson Laboratories; maintained at Model Animal Research Center of Nanjing University, Nanjing, China), young adult (6-to 7-week-old) ICR mice, and newborn (postnatal days 0 -1) ICR mice, . Half of the medium was replaced with fresh Neurobasal/ B27 medium every 4 -5 d.
NO production in living cells. The production of NO in living cells was estimated using the NO-sensitive fluorescent dye (Nagano, 1999) , which reacts with NO in the presence of oxygen to form highly fluorescent triazolofluorescein. We used a membrane-permeable form of the dye, 3-amino,4-aminomethyl-2=7=difluorescein diacetate (DAF-FM DA) (Calbiochem), which can be taken up by cells and hydrolyzed by cellular esterases to form membrane-impermeable compound DAF-FM. The neurons cultured for 11 d were treated with a selective endothelial nitric oxide synthase (eNOS) inhibitor N 5 -(1-iminoethyl)-L-ornithine (10 M; Biomol Research Laboratories) for 1 h, and loaded with 10 M DAF-FM DA in the dark incubator. At 30 and 60 min after incubation, fluorescent signals of NO produced by cells were captured with a confocal laserscanning microscope (LSM510; Zeiss).
Preparation and maintenance of organotypic hippocampal slice cultures. Organotypic hippocampal slice cultures (OHSCs) were prepared as described previously (Stoppini et al., 1991) with some modification. Briefly, the hippocampus was dissected from decapitated, 10-d-old Sprague Dawley rat pups, and cut transversely into 400-m-thick slices with a McIlwain tissue chopper. The slices were placed on the top of Millicell-CM tissue culture inserts (0.4 m pore; Millipore) in six-well plates and maintained at 35°C in a humidified incubator with 5% CO 2 for 10 -14 d in a culture medium, pH 7.3, composed of 50% MEM, 25% heat-inactivated horse serum, 25% HBSS, and 25 mM HEPES. The medium was changed on the first day after culture and every 3-4 d thereafter.
Immunohistochemistry. Serial hippocampal sections (40 m) were made on an oscillating tissue slicer. For nNOS immunofluorescence, the sections were incubated with rabbit anti-nNOS antibody (1:500; Zymed Laboratories) in 0.1 M PBS with 3% goat serum and 0.3% Triton X-100, and binding was visualized with a Cy3-conjugated secondary antibody (1:200; Millipore Bioscience Research Reagents). Images of immunostained neurons in all groups were captured with a Zeiss Axio Cam MRC 5(D) camera mounted on Carl Zeiss Axio Observer A1 microscope under same conditions. An experimenter coded all slides from the experiments before quantitative analysis. All nNOS-positive cells in the hippocampus were counted in each section by another experimenter blinded to the study code.
Western blot analysis. Western bolt analysis of samples from cultured hippocampal neurons, OHSCs, and hippocampal or hypothalamic tissues of animals was performed as described previously (Zhang et al., 2010) . The primary antibodies were as follows: mouse anti-inducible NOS (iNOS; 1:2000; Santa Cruz Biotechnology), rabbit anti-nNOS (1: 1000; Millipore Bioscience Research Reagents), mouse anti-eNOS (1: 2000; Millipore Bioscience Research Reagents), rabbit anti-extracellular signal-regulated kinase (ERK; 1:500; Bioworld Technology), rabbit antiphospho-ERK (1:500; Bioworld Technology), rabbit anti-GR (1:200; Santa Cruz Biotechnology), rabbit anti-MR (1:3000; Santa Cruz Biotechnology), mouse anti-nitrotyrosine (1:3000; Millipore Bioscience Research Reagents), and rabbit anti-corticotrophin-releasing factor (anti-CRF; 1:500; Santa Cruz Biotechnology). Appropriate horseradish peroxidase-linked secondary antibodies were used for detection by enhanced chemiluminescence (Pierce).
NOS activity assay. The hippocampus was homogenized in ice-cold PBS, pH 7.4, and centrifuged at 10,000 g for 20 min at 4°C. The supernatant was ultracentrifuged at 100,000 g for 15 min at 4°C using a 300 kDa molecular weight cutoff filter by centrifugation. NOS activity in the filtrates was measured using a commercially available kit (Jiancheng). Inducible NOS activity was measured by adding EGTA at 3 mmol/L to chelate-free Ca 2ϩ from the reaction mixture. To measure nNOS activity, 1 mmol/L L-nomega-iminoethyl-L-ornithine (Sigma-Aldrich), a selective eNOS inhibitor, was added into the reaction mixture. Neuronal NOS activity was computed by subtracting the iNOS activity from the total NOS activity with the inhibited fraction of eNOS. Endothelial NOS activity was computed by subtracting the iNOS and nNOS activity from the total NOS activity. NOS activities were expressed as unit (U). One unit was defined as nanomoles of NO formed in 1 min by 1 mg of protein.
Corticosterone measurement. For basal corticosterone level measurement, mice were decapitated between 9:00 and 10:00 A.M. Blood from angulus oculi vessels was collected in heparinized tubes, and corticosterone in plasma was measured with a corticosterone ELISA kit according to the instructions of the manufacturer (Cayman Chemical).
Statistical analysis. Data are presented as means Ϯ SEM. Comparisons among multiple groups were made with one-way ANOVA (one factor) or two-way ANOVA (two factors), followed by Scheffe's post hoc test. Comparisons between two groups were made with two-tail Student's t test. Differences were considered significant when p Ͻ 0.05.
Results

Glucocorticoids upregulate hippocampal nNOS expression via MR
Our previous study showed that CMS exposure upregulated hippocampal nNOS expression in mice (Zhou et al., 2007) . To examine whether glucocorticoids account for the CMS-induced nNOS increase, we measured nNOS and NO metabolite peroxynitrite (ONOO Ϫ , measured by nitrotyrosine) levels in the hippocampus of adult mice exposed to CMS for 21 d with or without metyrapone (100 mg/kg/d s.c.), a corticosteroids synthesis inhibitor, and found that metyrapone abolished the CMSinduced ONOO Ϫ production (F (2,9) ϭ 9.98, p ϭ 0.010) and nNOS expression revealed by protein level (F (2,6) ϭ 20.39, p ϭ 0.006) (Fig. 1 A) and the number of nNOS-positive neurons in the hippocampus (Fig. 1 B) . (Fig. 1C) . Three isoforms of NOS exist, including nNOS, eNOS, and iNOS (Zhou and Zhu, 2009) . Accordingly, we measured iNOS and eNOS expressions and enzymatic activities in the hippocampus of adult mice treated with corticosterone for 7 d. 1.003 Ϯ 0.087 U, n ϭ 5-6, F (5,27) ϭ 99.86, p ϭ 0.990), although it increased nNOS enzymatic activity (1.929 Ϯ 0.137 U vs 2.381 Ϯ 0.104 U, n ϭ 5-6, F (5,27) ϭ 99.86, p ϭ 0.040) compared with vehicle.
However, the subcutaneous injection of corticosterone may cause systemic effects. We therefore examined nNOS expression in the cultured hippocampal neurons exposed to 10 M corticosterone for 0.5, 2, 6, 12, or 24 h. The drug significantly increased nNOS level after exposure for 24 h (F (1,4) ϭ 8.80, p ϭ 0.041, 1.82-fold relative to vehicle) (Fig. 1 D) . OHSCs are advantageous for examining hippocampal function for a number of weeks in a well controlled in vitro environment (Becker et al., 2008) . We thus used the OHSCs to assess the effects of corticosterone on nNOS expression. Rat OHSCs were cultured in vitro for 10 d and exposed to 0.1, 1.0, or 10 M corticosterone for 24 h. The drug increased nNOS expression concentration dependently (1.55-, 1.82-, and 3.38-fold for 0.1, 1.0, and 10 M corticosterone, respectively, relative to vehicle) ( Fig. 1 E) . Additionally, we measured NO synthesis in the neurons exposed to 10 M corticosterone for 24 h using fluorescent dye DAF-FM (NO probe) (Chvanov et al., 2006) . The drug significantly increased DAF-FM fluorescent signal compared with vehicle (100 Ϯ 3.62 vs 146.8 Ϯ 10.15, n ϭ 4, p ϭ 0.005, t test) ( Fig. 1 F) , suggesting an increased NO production by corticosterone.
To investigate how glucocorticoids regulate nNOS expression, we incubated hippocampal neurons and the OHSCs with 10 M corticosterone for 24 h in the presence of 50 M mifepristone (a GR-selective antagonist) and/or 50 M spironolactone (a MRselective antagonist) (de Kloet et al., 1998) . Interestingly, spironolactone but not mifepristone abolished the effect of corticosterone on nNOS expressions in the hippocampal neurons (F (4,10) ϭ 35.34, p Ͻ 0.001 for spironolactone; p ϭ 0.629 for mifepristone) ( Fig. 2A ) and in the OHSCs (F (4,15) ϭ 6.84, p ϭ 0.047 for spironolactone; p ϭ 0.702 for mifepristone) (Fig. 2B ). As spironolactone did not alter nNOS expression in the corticosterone-free hippocampal neurons (F (3,8) ϭ 0.36, p ϭ 0.819) (Fig. 2C) , it is unlikely that unspecific pharmacological effect accounts for the antagonism of spironolactone. Our findings suggest that MR mediates the effect of glucocorticoids on hippocampal nNOS expression.
Requirement of nNOS for the behavioral effects of glucocorticoids
We used the CMS model of depression to characterize despair behavior in the TST and FST, and sensitivity to reward in SPT in the adult mice (Berton and Nestler, 2006) . To determine whether nNOS is implicated in depressive behaviors of glucocorticoids, we treated adult mice with corticosterone (40 mg/kg/d s.c.) for 21 d with or without 7-NI (30 mg/kg/d i.p.), a selective nNOS inhibitor. Treatment with 7-NI abolished the corticosterone-induced immobility in the TST (F (3,40) ϭ 7.00, p ϭ 0.020) and FST (F (3, 40) ϭ 4.52, p ϭ 0.029) (Fig. 3A) and reduction in sucrose preference (F (3,39) ϭ 17.40, p Ͻ 0.001) (Fig. 3B ) compared with vehicle. The immobility time changes cannot be explained by nonspecific effects of treatments on activity levels, because these treatments did not alter locomotor activities of mice (data not shown).
Next, we delivered 7-NI (2 l, 10 M/L) into bilateral hippocampi of mice by microinjection to inhibit local nNOS activity.
We exposed mice to corticosterone (40 mg/kg/d s.c.) or CMS for 21 d. The microinjection of 7-NI was performed at day 4 before CMS exposure or after starting corticosterone treatment. The intrahippocampal 7-NI use abolished the effects of systemic corticosterone on immobility in the TST (F (2,29) ϭ 5.23, p ϭ 0.029) and FST (F (2,29) ϭ 5.21, p ϭ 0.029) ( Fig. 3C ) and on sucrose preference (F (2,29) ϭ 15.94, p ϭ 0.001) (Fig. 3D) , and prevented the CMS-induced immobility in the TST (F (2,33) ϭ 5.23, p Ͻ 0.001) and FST (F (2,33) ϭ 5.23, p ϭ 0.035) (Fig. 3E ), sucrose preference reduction (F (2,32) ϭ 15.28, p Ͻ 0.001) (Fig. 3F ) , and body weight loss (F (2,33) ϭ 38.33, p ϭ 0.027) (Fig. 3G ). These treatments did not affect locomotor activities of mice (data not shown). Thus, hippocampal nNOS is required for the stressrelated depressive behaviors of glucocorticoids.
To further address this notion, we delivered corticosterone (2 l, 10 M/L) into bilateral hippocampi of nNOS KO and WT mice and performed behavioral tests at day 21 after microinjection. As expected, intrahippocampal corticosterone use significantly increased immobility in the TST (F (1,43) ϭ 10.34, p ϭ 0.003) (Fig. 3H ) and FST (F (1,43) ϭ 5.72, p ϭ 0.021) (Fig. 3I ) in WT mice but was ineffective in KO mice. Furthermore, vehicle-treated KO mice displayed a lower latency in the TST (F (1,43) ϭ 24.00, p Ͻ 0.001) and FST (F (1,43) ϭ 4.14, p ϭ 0.048) than vehicle-treated WT mice did (Fig. 3H,I ). Intrahippocampal corticosterone use did not change locomotor activities in WT or KO mice (data not shown).
nNOS mediates GR regulation of glucocorticoids
Changes of GR level in forebrain are implicated in depressive behaviors (Pariante and Miller, 2001; Boyle et al., 2005) . To investigate stress-related GR alteration by glucocorticoids, we measured GR levels in the hippocampus of mice exposed to CMS for 21 d with or without metyrapone (100 mg/kg/d s.c.) and found that the drug reversed CMS-induced GR reduction (F (2,6) ϭ 21.62, p ϭ 0.005) (Fig. 4 A) . Next, we incubated the OHSCs with 10 M corticosterone for 24, 48, or 72 h and found that GR downregulation by corticosterone occurred at 72 h after treatment (F (1,4) ϭ 191.93, p Ͻ 0.001) (Fig. 4 B) , whereas nNOS upregulation by corticosterone in the hippocampal neurons appeared at 24 h after treatment (Fig. 1 D) . Similarly, in the hippocampus of mice treated with corticosterone (40 mg/kg/d s.c.) for 0, 7, 14, or 21 d, GR expression reduction occurred at 14 d after treatment (F (3,8) ϭ 12.05, p ϭ 0.041) (Fig. 4C) , which is dramatically later than hippocampal nNOS expression increase by the drug (Fig. 1 B) . These results raise a possibility that nNOS may be an upstream signal of GR expression. Indeed, 10 M 7-NI reversed the corticosterone-induced GR reduction in the OHSCs incubated with these drugs for 72 h (F (2,6) ϭ 13.13, p ϭ 0.029) (Fig. 4 D) . Intrahippocampal 7-NI microinjection (2 l, 10 M/L) prevented the GR reductions that resulted from CMS exposure (F (2,6) ϭ 11.00, p ϭ 0.012) (Fig. 4 E) or corticosterone administration (40 mg/kg/d s.c.) for 21 d (F (2,6) ϭ 8.19, p ϭ 0.034) (Fig. 4 F) . Furthermore, although systemic corticosterone (40 mg/kg/d s.c. for 21 d) significantly decreased GR levels in the hippocampus in WT mice (F (1,8) ϭ 35.51, p Ͻ 0.001), it was ineffective in nNOS KO mice (Fig. 4G ). To further confirm the effect of nNOS on GR expression, we measured hippocampal GR levels in the mice treated with 7-NI (30 mg/kg/d i.p. for 7 d) or in the nNOS KO mice. As expected, nNOS inhibition or deletion significantly increased hippocampal GR levels (7-NI vs vehicle, 1.0 Ϯ 0.033 vs 2.08 Ϯ 0.126, n ϭ 3, p ϭ 0.001; WT vs KO, 1.0 Ϯ 0.173 vs 1.77 Ϯ 0.133, n ϭ 4, p ϭ 0.012, t test). More importantly, the upregulation of nNOS activity by 50 mM KCl exposure (Fig.   4 H) (Sasaki et al., 2000) resulted in a decrease in GR expression in the cultured hippocampal neurons (vehicle vs KCl, 1.0 Ϯ 0.08 vs 0.61 Ϯ 0.113, n ϭ 3, p ϭ 0.047, t test). Thus, these data collectively indicate that glucocorticoids regulate GR via nNOS.
To examine whether glucocorticoids affect MR expression, we measured MR levels in the hippocampus of adult mice exposed to CMS for 21 d with or without metyrapone (100 mg/kg/d s.c.) and found that these treatments had no effect on MR expression (n ϭ 3, p Ͼ 0.05, between groups) (data not shown). Consistent with this result, the mice treated with corticosterone (40 mg/kg/d s.c.) for 0, 7, 14, or 21 d exhibited basal MR level in the hippocampus (n ϭ 3, p Ͼ 0.05, between groups) (data not shown). To investigate the effect of glucocorticoids on MR expression with nNOS deletion, we examined hippocampal MR levels at day 7 after intrahippocampal corticosterone microinjection (2 l) in nNOS KO and WT mice. The treatment had no effect on MR expression in either WT or KO mice (n ϭ 3, p Ͼ 0.05, between groups) (data not shown). Moreover, in the OHSCs, 10 M corticosterone alone or in combination with 7-NI (exposure for 72 h) did not affect MR expression (n ϭ 3, p Ͼ 0.05, between groups) (data not shown).
To link nNOS-derived NO and GR regulation of glucocorticoids, we measured nNOS, ONOO Ϫ , and GR levels at day 21 after intrahippocampal corticosterone microinjection (2 l) in nNOS KO and WT mice. The treatment significantly increased nNOS (F (1,12) ϭ 44.00, p Ͻ 0.001) and ONOO Ϫ (F (1,12) ϭ 18.38, p ϭ 0.001) levels, decreased GR levels (F (1, 8) ϭ 97.57, p Ͻ 0.001) in WT mice, but was ineffective in KO mice (Fig. 5A) . Next, we incubated the cultured hippocampal neurons with 100 M DETA/NONOate, a NO donor, for 24 h. The drug significantly increased ONOO Ϫ (F (2,6) ϭ 40.40, p ϭ 0.001) and decreased GR (F (2,6) ϭ 62.65, p Ͻ 0.001) levels. CPTIO (10 M), a cell-impermeable NO scavenger, abolished the effects of DETA/NONOate on both ONOO Ϫ (F (2,6) ϭ 40.40, p ϭ 0.001) and GR (F (2,6) ϭ 62.65, p Ͻ 0.001) (Fig. 5B) . More importantly, DETA/NONOate inhibited GR expression both in nNOS KO neurons (F (1,8) ϭ 15.84, p ϭ 0.004) and WT neurons (F (1,8) ϭ 22.07, p ϭ 0.002) (Fig. 5C ). Together, these data suggest that nNOS-derived NO may be responsible for the GR regulation of glucocorticoids.
The NO-mediated actions are mostly due to cGMP formation, but cGMP-independent mechanisms, such as peroxynitriteproduced tyrosine nitration, have been suggested as potential signaling pathways modulating the NO-induced responses (Marcondes et al., 2006) . Accordingly, we exposed the OHSCs to 100 M DETA/NONOate for 24 h with or without 10 M ODQ, a soluble guanylate cyclase inhibitor, and 1.0 mM uric acid (UA), a ) or in combination with 10 M 7-NI (hippocampal microinjection, 2 l; n ϭ 10 -11). Corticosterone was administrated for 21 d and started at day 4 after 7-NI microinjection. E-G, Immobility time in the TST and FST (E), sucrose preference (F ), and body weight gain (G) of the adult mice exposed to CMS for 21 d with or without 10 M 7-NI (hippocampal microinjection, 2 l; n ϭ 11-12). CMS was started at day 4 after hippocampal 7-NI microinjection. H, I, Immobility time in the TST (H ) and FST (I ) of the nNOS KO (n ϭ 9 -10) and WT (n ϭ 14) mice treated with 10 M corticosterone (hippocampal microinjection, 2 l). The TST and FST were performed at day 21 after hippocampal microinjection. Error bars denote SEM; *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001, one-way ANOVA (A-G), two-way ANOVA (H-I). Cort, Corticosterone.
natural scavenger of ONOO Ϫ (Hooper et al., 1998) . Pretreatment of the OHSCs with ODQ abolished the effect of DETA/ NONOate on GR expression (F (5,12) ϭ 47.24, p Ͻ 0.001), suggesting a cGMP-dependent mechanism. However, UA abolished the effect of DETA/NONOate on GR expression also (F (5,12) ϭ 47.24, p Ͻ 0.001), implying a cGMP-independent mechanism (Fig. 5D) .
To further address this hypothesis, we incubated the cultured hippocampal neurons with SIN-1, an ONOO Ϫ donor (Lipton et al., 1993) , for 24 h. As expected, SIN-1 produced abundant ONOO Ϫ (1.504-, 2.82-, and 3.44-fold of control for 0.1, 0.5, and 1.0 mM SIN-1, respectively) and inhibited GR expression concentration dependently (88.4, 59.3, and 32.0% of control for 0.1, 0.5, and 1.0 mM SIN-1, respectively). Treatment with 1.0 mM UA abolished ONOO Ϫ production (F (4,10) ϭ 10.55, p ϭ 0.018) and reversed the effect of SIN-1 on GR (F (4,10) ϭ 18.23, p ϭ 0.002) (Fig. 5E) .
To further determine whether hippocampal NO-cGMP pathway is implicated in the role of glucocorticoids in depressive behaviors, we treated mice with corticosterone (40 mg/kg/d s.c.) for 21 d. We delivered CPTIO (2 l, 20 M/L) or ODQ (2 l, 10 M/L) into bilateral hippocampi by microinjection at day 4 and performed behavioral tests at day 22 after starting corticosterone treatment. Both CPTIO and ODQ abolished the corticosteroneinduced prolongation of immobility time in the TST (F (3,41) ϭ 6.48, p ϭ 0.029 for CPTIO, p ϭ 0.020 for ODQ) and FST (F (3,41) ϭ 4.92, p ϭ 0.039 for CPTIO, p ϭ 0.029 for ODQ) (Fig. 5F) , and relieved the corticosterone-induced body weight loss (F (3,41) ϭ 47.34, p ϭ 0.042 for CPTIO, p ϭ 0.026 for ODQ) (Fig. 5G ) compared with vehicle.
To determine whether NO influences MR expression, we incubated the cultured hippocampal neurons with 100 M DETA/ NONOate alone or in combination with 10 M CPTIO and found that these treatments had no effect on MR level (n ϭ 3, p Ͼ 0.05, between groups) (data not shown).
ERK activation is critical for the GR regulation and behavioral effects of ONOO
؊
Experimental evidence suggests that mitogen-activated protein kinase (MAPK) signaling pathway is implicated in the stressrelated behavioral effects of glucocorticoids (Revest et al., 2005) . Consistently, mice exposed to CMS for 21 d displayed an elevated phosphorylated extracellular signal-regulated kinase (pERK) level in the hippocampus; treatment with metyrapone reversed the CMS-induced ERK activation (pERK/ERK: 0.867 Ϯ 0.008, (Fig. 6 A) . To determine whether nNOS contributes to the glucocorticoid-induced ERK activation, we incubated the OHSCs with 10 M corticosterone for 24 h with or without 10 M 7-NI and found that 7-NI abolished the corticosterone-induced ERK activation (pERK1/ERK1: F (2,6) ϭ Figure 5 . NO downregulates GR via cGMP-dependent and cGMP-independent mechanisms. A, Immunoblots showing hippocampal nNOS, nitrotyrosine, and GR levels of nNOS KO and WT mice treated with 10 M corticosterone (hippocampal microinjection, 2 l) at day 21 after the drug microinjection (n ϭ 4). B, Immunoblots showing nitrotyrosine and GR levels in the cultured hippocampal neurons exposed to 100 M DETA/NONOate with or without 10 M CPTIO for 24 h (n ϭ 3). C, Immunoblots showing GR levels in the nNOS KO and WT hippocampal neurons exposed to 100 M DETA/NONOate for 24 h (n ϭ 3). D, Immunoblots showing GR levels in the OHSCs exposed to 100 M DETA/NONOate with or without 10 M ODQ or 1.0 mM UA for 24 h (n ϭ 3). E, Immunoblots showing nitrotyrosine and GR levels in the cultured hippocampal neurons exposed to SIN-1 at the concentrations indicated with or without 1.0 mM UA for 24 h (n ϭ 3). F, G, Immobility time in the TST and FST (F ) and body weight gain (G) of the adult mice treated with corticosterone alone (40 mg/kg/d ϫ 21 d s.c.) or in combination with 20 M CPTIO or 10 M ODQ (intrahippocampal microinjection, 2 l; n ϭ 10 -12). Error bars denote SEM; *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001 (E,vs0mM); # p Ͻ 0.05, ## p Ͻ 0.01 (E, vs 1.0 mM); two-way ANOVA (C), one-way ANOVA (A, B, D-G) . Cort, Corticosterone; NT, nitrotyrosine; UR, uric acid. n ϭ 3) . B, Immunoblots showing pERK/ERK levels in the OHSCs exposed to 10 M corticosterone with or without 10 M 7-NI for 24 h (n ϭ 3). C, Immunoblots showing hippocampal pERK/ERK levels of nNOS KO and WT mice at day 21 after intrahippocampal corticosterone microinjection (2 l, 10 M/L; n ϭ 3). D, Immunoblots showing pERK/ERK levels in the hippocampal neurons exposed to SIN-1 (0 -1.0 mM) with or without 1.0 mM UA for 24 h (n ϭ 3). E, Immunoblots showing pERK/ERK and GR levels in the OHSCs exposed to 10 M corticosterone with 1.0 mM UA or 10 M U0126 for 72 h (n ϭ 3). F, Immunoblots showing nNOS levels in the OHSCs exposed to 10 M corticosterone with 10 M U0126 for 24 h (n ϭ 4). G, Immunoblots showing pERK/ERK and GR levels in the OHSCs exposed to 1.0 mM SIN-1 with or without 10 M U0126 for 24 h (n ϭ 3). H, I, Immobility in the TST and FST (H ) and sucrose preference (I ) of mice at day 20 after intrahippocampal microinjection of SIN-1 (1 l, 1.0 mM/L) alone or in combination with U0126 (1 l, 10 M/L; n ϭ 11-13). J, Immunoblots showing pERK/ERK levels in the OHSCs exposed to 100 M DETA/NONOate with or without 10 M ODQ or 1.0 mM UA for 24 h (n ϭ 3). Error bars denote SEM; *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001; two-way ANOVA (C), one-way ANOVA (A, B, D-J ) . Cort, Corticosterone; Mif, mifepristone; Spir, spironolactone.
13.74, p ϭ 0.012; pERK2/ERK2: F (2,6) ϭ 13.67, p ϭ 0.012) (Fig.  6 B) . Furthermore, intrahippocampal corticosterone microinjection (2 l, 10 M/l) significantly increased local pERK level in WT mice (pERK1/ERK1: F (1,8) ϭ 98.78, p Ͻ 0.001; pERK2/ERK2: F (1,8) ϭ 50.74, p Ͻ 0.001) but was ineffective in KO mice (pERK1/ ERK1: F (1,8) ϭ 0.14, p ϭ 0.718; pERK2/ERK2: F (1,8) ϭ 1.89, p ϭ 0.207) (Fig. 6C) . Thus, nNOS is required for the effect of glucocorticoids on ERK activation.
To investigate the effect of ONOO Ϫ on ERK activation, we incubated the cultured hippocampal neurons with 0, 0.1, 0.5, or 1.0 mM SIN-1 with or without UA for 24 h. As shown in Fiugre 6 D, 1.0 mM SIN-1 significantly increased pERK level (pERK1/ ERK1: F (4,10) ϭ 14.92, p ϭ 0.001; pERK2/ERK2: F (4,10) ϭ 12.12, p ϭ 0.005), indicating ERK activation by ONOO Ϫ , which is consistent with previous reports (Zhang et al., 2000; Csibi et al., 2010) . UA abolished the effect of 1.0 mM SIN-1 on ERK activation. Next, we incubated the OHSCs with 10 M corticosterone for 72 h with or without UA or U0126, an ERK phosphorylation inhibitor. Both UA and U0126 abolished the effects of corticosterone on GR expression (F (3,8) ϭ 8.22, p ϭ 0.024 for U0126; p ϭ 0.028 for UA) and ERK phosphorylation (pERK1/ERK1: F (3,8) ϭ 14.64, p ϭ 0.004 for both U0126 and UA; pERK2/ERK2: F (3,8) ϭ 8.47, p ϭ 0.024 for U0126, p ϭ 0.014 for UA) (Fig. 6E) . Because U0126 did not change the corticosterone-induced nNOS expression in the OHSCs (F (2,9) ϭ 15.09, p ϭ 0.836) (Fig. 6F) , nNOS may constitute an upstream signaling of ERK activation and GR regulation of glucocorticoids. Interestingly, U0126 abolished SIN-1-induced GR reductions and ERK phosphorylation in the OHSCs (GR: F (2,6) ϭ 26.96, p ϭ 0.002; pERK1/ERK1: F (2,6) ϭ 34.25, p ϭ 0.001; pERK2/ ERK2: F (2,6) ϭ 19.93, p ϭ 0.005) (Fig. 6G) . Together, these data indicate that ERK activation is critical for the peroxynitriteinduced GR downregulation.
To determine whether hippocampal ERK activation is essential for the effect of ONOO Ϫ on depressive behaviors, we delivered 1.0 mM SIN-1 (1 l) alone or in combination with 10 M U0126 (1 l; 30 min interval between two injections) into bilateral hippocampi of adult mice and performed behavioral examinations at day 10 or 20 after treatments. At day 20 after microinjection, the mice exposed to SIN-1 had significantly prolonged immobility time in the TST (F (2,33) ϭ 8.02, p ϭ 0.002) and FST (F (2,33) ϭ 5.02, p ϭ 0.048) and reduced sucrose preference (F (2,33) ϭ 7.00, p ϭ 0.011) compared with vehicle-treated mice, exhibiting a depressive phenotype. U0126 reversed the effects of SIN-1 on immobility in the TST (F (2,33) ϭ 8.02, p ϭ 0.035) and FST (F (2,33) ϭ 5.02, p ϭ 0.028) (Fig. 6 H) and on sucrose preference (F (2,33) ϭ 7.00, p ϭ 0.010) (Fig. 6 I) . No altered behavioral phenotype was observed at day 10 after the treatment (data not shown).
To determine whether NO-mediated ERK activation is cGMPdependent, we exposed the OHSCs to 100 M DETA/NONOate for 24 h with or without 10 M ODQ or 1.0 mM UA. As shown in Figure  6J , UA but not ODQ abolished the effect of DETA/NONOate on ERK phosphorylation (pERK1/ERK1: F (5,12) ϭ 15.48, p ϭ 0.022 for UA; p ϭ 0.909 for ODQ; pERK2/ERK2: F (5,12) ϭ 12.30, p ϭ 0.018 for UA; p ϭ 1.000 for ODQ), indicating that NO activates ERK pathway via cGMP-independent mechanism.
Hippocampal nNOS mediates CRF regulation of glucocorticoids
Hyperactivity of HPA axis has been identified as a characteristic feature of depression (Berton and Nestler, 2006) . To explore the role of nNOS in glucocorticoid-induced HPA axis hyperactivity, we delivered 10 M 7-NI or its vehicle (2 l) into bilateral hippocampi of mice by microinjection. Four days later, the mice were exposed to CMS for 21 d. Interestingly, intrahippocampal 7-NI use abolished the CMS-induced elevations of corticosterone (F (2,18) ϭ 23.48, p Ͻ 0.001) and hypothalamic CRF, a peptide that governs the HPA axis (F (2,12) ϭ 13.09, p ϭ 0.003) (de Kloet et al., 2005) , compared with vehicle ( Fig. 7 A, B) .
Next, we treated mice with corticosterone (40 mg/kg/d delivered s.c.) for 21 d; 4 d later, we delivered 7-NI (2 l, 10 M/l) or its vehicle into bilateral hippocampi by microinjection. Although acute treatment with corticosterone caused a decrease in CRF expression (CRF/␤-actin: 0.668 Ϯ 0.037 vs 0.411 Ϯ 0.076, vehicle vs corticosterone, n ϭ 3, p ϭ 0.038), the long-term treatment with corticosterone significantly elevated the CRF level (F (2,6) ϭ 9.67, p ϭ 0.022). Hippocampal 7-NI microinjection abolished the corticosterone-induced CRF upregulation (F (2,6) ϭ 9.67, p ϭ 0.029) (Fig. 7C) . To further confirm the role of nNOS, we delivered 10 M corticosterone (2 l, 10 M/L) into the bilateral hippocampi of nNOS KO or WT mice and then examined CRF levels at 21 d after microinjection. As shown in Figure 7D , intrahippocampal corticosterone microinjection significantly increased CRF level in WT mice (F (1,12) ϭ 22.38, p Ͻ 0.001) but was ineffective in KO mice (F (1,12) ϭ 0.22, p ϭ 0.65). Although nNOS exists in the hypothalamus, the glucocorticoid-induced CRF expression cannot be explained by hypothalamic nNOS alteration, because intrahippocampal corticosterone microinjection did not alter hypothalamic nNOS expression (nNOS/␤-actin: 0.5999 Ϯ 0.034 vs 0.661 Ϯ 0.035, vehicle vs corticosterone, n ϭ 4, p ϭ 0.255).
GR density is the highest in the PVN of the hypothalamus (de Kloet et al., 2005) . To exclude the possibility that hippocampal NO mediates CRF regulation of glucocorticoids via hypothalamic GR, we delivered SIN-1 (1 l, 1.0 mM/L) alone or in combination with U0126 (1 l, 10 M/L) into bilateral hippocampi and measured hypothalamic CRF and GR levels and hippocampal GR levels at day 7 microinjections. The intrahippocampal SIN-1 significantly inhibited hippocampal GR expression (F (2,6) ϭ 10.45, p ϭ 0.021) and increased hypothalamic CRF level (F (2,6) ϭ 18.55, p ϭ 0.003), and U0126 abolished the effects of SIN-1 on CRF (F (2,6) ϭ 18.55, p ϭ 0.047) and hippocampal GR (F (2,6) ϭ 10.45, p ϭ 0.022). These treatments did not affect hypothalamic GR level (F (2,6) ϭ 1.77, p ϭ 0.800) (Fig. 7E,F) . Furthermore, intrahippocampal corticosterone microinjection did not alter hypothalamic GR expression (GR/␤-actin: 0.487 Ϯ 0.034 vs 0.529 Ϯ 0.06, vehicle vs corticosterone, n ϭ 3, p ϭ 0.572). Thus, hypothalamic GR does not account for the effect of hippocampal NO on HPA axis.
Discussion
Despite a strong relationship between hippocampal GR and stress-related HPA axis hyperacitivity and behavioral effects of glucocorticoids, the molecular mechanisms by which glucocorticoids regulate the hippocampal GR and, in turn, produce behavioral modifications, are not clear. In the present study, we have identified a signaling cascade whereby glucocorticoid-induced hippocampal nNOS upregulation mediates GR reduction and depressive behaviors (Fig. 8) . Glucocorticoids upregulate nNOS expression in the hippocampus by activating MR and, in turn, lead to hippocampal GR downregulation by cGMP-dependent and cGMP-independent mechanisms. This modification causes HPA axis hyperactivity, thereby modulating stress-related depressive behaviors.
It has been demonstrated that nNOS, mainly responsible for NO production in the nervous system (Bredt and Snyder, 1994) , is implicated in depression (Zhou and Zhu, 2009 ) and anxiety (Zhang et al., 2010) . Although nNOS is richly expressed through-out the limbic system (Bredt et al., 1991) , the hippocampal nNOS may be the most important for the stress-related depression, not only because both CMS and corticosterone exposures caused hippocampal nNOS overexpression, but also because the inhibition of hippocampal nNOS almost abolished both CMS-and corticosterone-induced depressive behaviors. GR and MR colocalization is found in the hippocampus of almost all species (de Kloet et al., 2005) . However, our data indicate that the hippocampal nNOS upregulation by glucocorticoids depends on MR activation. The MR selectivity of nNOS expression may result because MR binds corticosterone with ϳ10-fold higher affinity than colocalized GR does (de Kloet et al., 1998) . GR is widely expressed throughout the brain, whereas most MR in the brain is located in the hippocampus where they may be coexpressed with GR by many, but not all, neurons in rodents (Rozeboom et al., 2007) . The selective hippocampal distribution of MR may account for why neither CMS exposure nor hippocampal corticosterone microinjections changed hypothalamic nNOS expression. Therefore, hypothalamic CRF elevation by hippocampal corticosterone microinjection is not due to hypothalamic nNOS alteration, although NO is implicated in the hypothalamic regulation of stress (Calabrese et al., 2007) . Additionally, only nNOS-derived NO is related to the glucocorticoidmediated behavioral modifications because corticosterone exposure had no effect on iNOS or eNOS expressions or enzymatic activities, even though nNOS, eNOS, and iNOS are isoenzymes (Zhou and Zhu, 2009) .
How does the glucocorticoid-induced hippocampal nNOS overexpression lead to stress-related behavioral modifications? Corticosterone injection was started at day4after7-NImicroinjection(nϭ3).D,ImmunoblotsshowinghypothalamicCRFlevelsofnNOSKOandWTmicetreatedwith10Mcorticosterone(hippocampalmicroinjection,2l)atday21afterthedrug microinjection (n ϭ 3). E, F, Immunoblots showing hippocampal GR levels (E) and hypothalamic CRF and GR levels (F) of adult mice treated with 1.0 mM SIN-1 alone or in combination with 10 M U0126 (hippocampal microinjection, 1 l) at day 7 after microinjections (n ϭ 3). Error bars denote SEM; *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001; two-way ANOVA (D), one-way ANOVA (A-C, E, F).
Hippocampal GR downregulation could be a crucial step. The formation of MR and GR homodimers and heterodimers, as well as monomers, allows receptor responsivity over a wide concentration range. MR is implicated in the appraisal process and the onset of the stress response, whereas GR terminates stress reactions and mobilizes the energy resources required for this purpose and facilitates recovery (de Kloet et al., 2005) . GR thus plays an important role in the negative feedback regulation of the HPA axis and adaptation to stress (Pariante and Miller, 2001) . GR sensitivity has been shown to be reduced in MDD in both in vitro and in vivo studies. Transgenic animals with partial impairment of GR function show behavioral changes consistent with MDD (Ridder et al., 2005) . Moreover, reduced expression of GR has been reported in the distinct regions of the cortex and hippocampus of MDD bipolar disorder brains (Matsubara et al., 2006) . Deletion of limbic GR (except in the hypothalamic PVN) induces a robust depression-like phenotype in mice (Boyle et al., 2005) . Our data indicate that CMS exposure reduced hippocampal GR level and corticosteroid synthesis inhibitor abolished the effect of CMS. Identically, corticosterone exposures inhibited hippocampal GR expression in vitro and in vivo. The reduction in GR expression can be explained by the glucocorticoid-induced hippocampal nNOS overexpression, because it was abolished by nNOS inhibition. More importantly, nNOS overexpression caused an impaired GR repression. Because hippocampal nNOS inhibition and NO donor had no effect on MR expression, the nNOS-mediated GR reduction may change the GR:MR ratio, an index important for HPA system homeostasis (Rozeboom et al., 2007) .
It is well accepted that NO-mediated actions are due to activation of the soluble guanylate cyclase (sGC) leading to an increase of cGMP, but cGMP-independent mechanisms have been suggested as potential signaling pathways modulating the NO-induced responses (Marcondes et al., 2006) . NO can act by directly modifying cysteine residues in target proteins (Stamler et al., 2001; Hess et al., 2005) . Cysteine nitrosylation (S-nitrosylation) is now regarded as a selective and specific signal controlled by cellular NO (Stamler et al., 2001) . NO can regulate gene expression via S-nitrosylation of transcription factors in the cytoplasm (Marshall et al., 2004) or via S-nitrosylation of nuclear proteins (Nott et al., 2008) . Moreover, ONOO Ϫ , the product of the diffusioncontrolled reaction of NO with superoxide O 2 ⅐Ϫ radical, can nitrate tyrosine residues and consequently modify the functional properties of several proteins (Csibi et al., 2010) . Importantly, ONOO Ϫ is able to affect other signal-transduction pathways, including PKC, MAPK, and Src tyrosine kinases (Szabó et al., 2007) . In this study, both NO and ONOO Ϫ donors inhibited hippocampal GR expression, and both selective sGC inhibitor and ONOO Ϫ scavenger abolished the effect of NO donor on GR, suggesting that hippocampal nNOS-derived NO represses GR expression via both cGMP-dependent and cGMP-independent mechanisms.
Hippocampal MAPK pathway is involved in stress-related behavioral effects of glucocorticoids (Revest et al., 2005) . Our data show that glucocorticoids promote ERK phosphorylation via upregulating nNOS expression, and that ONOO Ϫ caused a substantial ERK activation. In fact, both NO-cGMP signaling pathway and ONOO Ϫ are implicated in ERK activation (Zhang et al., 2000; Rangaswami et al., 2009) . In this study, the glucocorticoidmediated ERK activation led to hippocampal GR downregulation. More importantly, ERK phosphorylation inhibitor not only abolished SIN-1-induced GR reduction, but also reversed depressive behaviors of hippocampal SIN-1 microinjection, indicating an nNOS-ERK-GR signaling pathway. Given that CRF is essential for HPA axis homeostasis (de Kloet et al., 2005) , hypothalamic CRF alteration may account for the role of hippocampal nNOS-ERK-GR signaling pathway in stress-related behaviors, because, as we show here, nNOS in the hippocampus is critical for hypothalamic CRF expression. We thus conclude that hippocampal nNOS overexpression, and thereby ERK activation and GR reduction, are responsible for the stress-related depressive behaviors of glucocorticoids, although more studies are needed to exclude the effects of other molecules that are associated with NO and emotion, such as histone deacetylase and 5-HT 1A receptor (de Kloet et al., 2005; Krishnan and Nestler, 2008; Nott et al., 2008; Zhang et al., 2010) .
